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ル蛋白質に関する発見に貢献したアメリカの PeterAgre教授と RoderickMacKinnon 
教授に与えられた。 Agre教授は水分子を透過するアクアポリンという膜チャネル蛋




































録は 1998年に P.A.Kollmanらにより報告されたVilinに関する 1マイクロ秒の計算
16である。一方、最も初期の生体膜の計算も、膜環境を平均場として近似した中での
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Lipid DPPC DOPC 
干{圃_.-.-'-'
Temperature (OC) 50 30 
VL (A3) 1232 1303 
D (A) 67 63.1 
A(A2) 64 (62.9)帥 72.5 (72.1)帥
DHH (A) 38.3 36.9 
nw (A) 30.1 32.8 
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VL : lipid molecular volume、 o: lamellar repeat dis泊nce、
A : average interfacial area/lipid、 Dc: thickness of hydrocarbon core、
DHH : headgroup peak-peak distance、nw: number of water molecule/lipid 











異例=L kb{r一九)2+ L ka(θ一角)2+ L V[l+cos{nゆ一偽)J+L ky{r一九)2
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Distance from Bilayer Center [A] 
72個のDOPC分子と 2304個の水分子を含む系に関して、 370C、1atmの条件で 10ナノ秒間の
分子動力学計算を実行した。表面積の値として、 72.5(A2)を採用した。






































Vl : lipid molecular volume、 o: lamellar repeat dis也nce、
A: average interfacial area/lipid、 Dc: thickness of hydroωrbon core、
DHH : headgroup peak-peak dis旬nce、nw: number of water molecule/lipid 
そこで、異なる構造情報として重水素化された脂質分子を用いた核磁気共鳴(NMR)
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2 16 14 12 10 8 6 4 
Carbon Number 
実線は、図2・5と同じ分子動力学計算によって得られた平均値。黒丸と黒四角は、異なる 2つの


















Experimental value (ful hydration) 
72 
70 




G 2 4 6 8 10 
Simulation time [nsec] 
NPTアンサンプルを用いた 3つの分子動力学計算における表面積の時間変化。 黒色:72個の


































200 400 600 800 1000 
Simulation time [psec] 
72個の DPPC分子と 2094個の水分子を含む系に関して、 500C、1atmの条件で 1ナノ秒間の分
子動力学計算を実行した。 NP丁、 NP"(Tアンサンプルを用いた。


























































































Pi可 R~ ^ ^"'...... ADP 










筋小胞体カルシウムポンプは 994残基のアミノ酸からなる 1本鎖の分子量 11万































Site I は、最初に結合する Ca2+の結合部位で、あり、Asn768(M5)、Glu771(M5)、Thr799
(M6)、Asp800(M6)、Glu908(M8)の側鎖の酸素原子と、 2つの水分子によって形成さ
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for DOPC molecules 
Positional Restraint 
for Ca2+ -A TPase 
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X線結晶構造からの Cα原子の RMSDの平均値*表 3・2.
水溶性ドメイン 膜貫通ドメイン
Full A-domain N-domain P圃domain MトM10 M4・M6、
Structure M8 
3.46+ 1.39+ 1.51 + 1.18土 0.96+ 0.78+ 0.70士






















































































一30-20 -10 0 10 20 -6 -3 0 3 6 9 12
pH pH 
(a)カルシウムポンプと脂質二重膜の誘電率を4、溶媒の誘電率を 80と仮定した静電エネルギー
































ムポンプの強い阻害剤である thapsigargin(TG)を結合した E2(TG)状態に関する X線
結晶構造併が得られていたが、分解能がやや低くカルシウムポンプの周囲に存在する












Oielectric ε=4 E =20 
constant 
State E1 E2 E1 E2 
E58 1.00 0.37 0.97 0.24 
E309 0.00 1.00 0.00 1.00 
E771 0.00 1.00 0.04 1.00 
0800 0.00 1.00 0.00 0.85 



























































1. White， S.H. The progress of membrane protein structure determination. 
Protein Sci. 13， 1948・9(2004). 
2. Agre， P.& Kozono， D. Aquaporin water channels: molecular mechanisms for 
human diseases. FEBS Le抗.555，72・8(2003). 
3. MacKinnon， R. Potassium channels. FEBS Le枇.555，62・5(2003). 
4. Schmitt， J.P. et al. Dilated cardiomyopathy and heart failure caused by a 
mutation in phospholamban. Science 299，1410・3(2003). 
5. Hopkins， A.し&Groom， C. R. The druggable genome. Nat. Rev. Drug. Discov. 
1，727・30(2002). 
6. Drews， J.Drug discovery: a historical perspective. Science 287，1960-4 (2000). 
7. Nagle， J.F. & Tristram-Nagle， S.Structure of lipid bilayers. Biochim. Biophys. 
Acta 1469， 159-195 (2000). 
8. Hristova， K. & White， S. H. Determination of the hydrocarbon core structure of 
fluid dioleoylphosphocholine (DOPC) bilayers by x-ray diffraction using specific 
bromination of the double-bonds: effect of hydration. Biophys. J. 74，2419・33
(1998). 
9. Nagle， J.F. & Tristram-Nagle， S.Lipid bilayer structure. Curr. Opin. Struct. Biol. 
10，474・480(2000). 
'10. Seelig， A. & Seelig， J.The dynamic structure of fatty acyl chains in a 
phospholipid bilayer measured by deuterium magnetic resonance. 
Biochemistry 13， 4839-45 (1974). 
11. Douliez， J.P.， Leonard， A.& Dufourc， E.J. Restatement of order parameters in 
biomembranes: calculation of C-C bond order parameters from C-D 
quadrupolar splittings. Biophys. J. 68， 1727・39(1995). 
12. Eldho， N. V.， Feller， S. E.， Tristram-Nagle， S.， Polozov， 1. V. & Gawrisch， K.
Polyunsaturated docosahexaenoic vs docosapentaenoic acid圃differencesin 
lipid matrix properties from the loss of one double bond. J. Am. Chem. Soc. 125， 
6409・21(2003). 
13. Lee， A.G. How lipids interact with an intrinsic membrane protein: the case of 
the calcium pump. Biochim. Biophys. Acta 1376， 381・390(1998). 
14. McCammon， J.A.， Gelin， B.R. & Karplus， M. Dynamics of folded proteins. 
Nature 267，585・90(1977). 
15. Levitt， M. & Sharon， R. Accurate simulation of protein dynamics in solution. 
Proc. Natl. Acad. Sci. USA 85， 7557・61(1988). 
16. Duan， Y.& Kollman， P.A. Pathways to a protein folding intermediate observed 
? ?????
脂質二重膜・膜蛋白質の分子動力学計算
in a 1・microsecondsimulation in aqueous solution. Science 282，740-4 (1998). 
17. Ploeg， v.d. & Berendsen， H. J. Molecular dynamics simulation of a bilayer 
membrane. J. Chem. Phys. 76， 3271-3276 (1982). 
18. Pastor， R. W.， Venable， R. M. & Karplus， M. Brownian Dynamics Simulation of 
a Lipid Chain in a Membrane Bilayer. J. Chem. Phys. 89，1112-1127 (1998). 
19. Venable， R. M.， Zhang， Y， Hardy， B. J. & Pastor， R. W. Molecular dynamics 
simulations of a lipid bilayer and of hexadecane: An investigation of membrane 
f1uidity. Science 262， 223・226(1993). 
20. Anezo， C.， Vries， A. H. d.， Holtje， H.・0.，Tieleman， D. P. & Marrink， S.-J. 
Methodlogical Issues in Lipid Bilayer Simulations. J. Phys. Chem. B 107， 
9424圃9433(2003). 
21. Lindahl， E. & Edholm， O. Mesoscopic undulations and thickness fluctuations in 
lipid bilayers from molecular dynamics simulations. Biophys. J. 79，426-33 
(2000). 
22. Berneche， S. & Roux， B.Energetics of ion conduction through the K+ channel. 
Nature 414，73圃7(2001). 
23. de Groot， B.L. & Grubmuller， H. Water permeation across biological 
membranes: Mechanism and dynamics of aquaporin-1 and GlpF. Science 294， 
2353司2357(2001). 
24. Doyle， D. A. et al. The structure of the potassium channel: Molecular basis of 
K+ conduction and selectivity. Science 280， 69・77(1998). 
25. Cowan， S. W. et al. Crystal structures explain functional prope吋iesoftwo E. 
coli porins. Nature 358， 727・33(1992). 
26. Palczewski， K. et al. Crystal structure of rhodopsin: A G protein圃coupled
receptor. Science 289，739-45 (2000). 
27. Ren， G.， Reddy， V.S.， Cheng， A.， Melnyk， P.& Mitra， A. K. Visualization of a 
water-selective pore by electron crystallography in vitreous ice. Proc. Natl. 
Acad. Sci. USA 98，1398-403 (2001). 
28. Toyoshima， C.， Nakasako， M.， Nomura， H. & Ogawa， H. Crystal structure of the 
calcium pump of sarcoplasmic reticulum at 2.6 A resolution. Nature 405， 
647・655(2000). 
29. Locher， K. P.， Lee， A. T. & Rees， D. C. The E. coli BtuCD structure: a framework 
for ABC transpo巾 rarchitecture and mechanism. Science 296， 1091・8(2002). 
30. 1m， W. & Roux， B.lons an.d counterions in a biological channel: a molecular 
dynamics simulation of OmpF porin from E. coli in an explicit membrane with 1 
M KCI aqueous salt solution. J Mol Biol 319，1177・97(2002). 
31. Sugita， Y， Miyashita， N.， Ikeguchi， M.， Kidera， A. & Toyoshima， C. Protonation 
????
杉田有治、池口満徳
of the acidic residues in the transmembrane cation-binding sites of the ca2+ 
pump. J. Am. Chem. Soc. 127，6150・1(2005). 
32. Stockner， T.， Vogel， H. J. & Tieleman， D. P. A salt-bridge motif involved in ligand 
binding and large-scale domain motions of the maltose-binding protein. 
Biophys. J. 89， 3362・71(2005). 
33. Ash， W.し， Zlomislic，M. R.， 0100， E.O. & Tieleman， D. P. Computer 
simulations of membrane proteins. Biochim BiophysActa 1666， 158-89 (2004). 
34. Obara， K. et al.Inaugural Article: Structural role of counte吋ranspo吋revealedin 
Ca2+ pump crystal structure in the absence of Ca2+. Proc. Natl. Acad. Sci. USA 
102，14489・96(2005). 
35. Wiener， M. C.， King， G.1. & White， S.H. Structure of a fluid 
dioleoylphosphatidylcholine bilayer determined by joint refinement of x-ray and 
neutron diffraction data. 1. Scaling of neutron data and the distributions of 
double bonds and water. Biophys. J. 60， 568・76{1991}. 
36. Wiener， M. C. & White， S. H. Fluid bilayer structure determination by the 
combined use of x-ray and neutron diffraction. 1.Fluid bilayer models and the 
limits of resolution. Biophys. J. 59， 162-73 {1991}. 
37. Wiener， M. C. & White， S. H. Fluid bilayer structure determination by the 
combined use of xィayand neutron diffraction. 1. "Composition-space" 
refinement method. Biophys. J. 59， 174-85 {1991}. 
38. Wiener， M. C. & White， S.H. Structure of a fluid dioleoylphosphatidylcholine 
bilayer determined by joint refinement of x-ray and neutron di仔ractiondata. 1. 
Distribution and packing of terminal methyl groups. Biophys. J. 61，428-33 
{1992}. 
39. Wiener， M. C. & White， S. H. Structure of a fluid dioleoylphosphatidylcholine 
bilayer determined by joint refinement of x-ray and neutron diffraction data. 11. 
Complete structure. Biophys. J. 61， 434・47{1992}. 
40. Tristram-Nagle， S.， Liu， Y.， Legleiter， J.& Nagle， J.F. Structure of gel phase 
DMPC determined by X-ray diffraction. Biophys. J. 83， 3324・35(2002). 
41. Liu， Y.& Nagle， J.F. Di仔usescattering provides material parameters and 
electron density profiles of biomembranes. Phys. Rev. E 69，040901 (2004). 
42. Kucerka， N. et al. Structure of fully hydrated fluid phase DMPC and DLPC lipid 
bilayers using X-ray scattering from oriented multilamellar arrays and from 
unilamellar vesicles. Biophys. J. 88， 2626-37 (2005). 
43. Nagle， J.F. et al. X-ray structure determination of fully hydrated L alpha phase 
dipalmitoylphosphatidylcholine bilayers. B 
-194-
脂質二重膜・膜蛋白質の分子動力学計算
dynamics studies of proteins. J. Phys. Chem. B 102，3586・3616(1998). 
45. Feller， S. E. & MacKerell， A. D. An improved empirical potential energy function 
for molecular simulations of phospholipids. J. Phys. Chem. B 104，7510・7515
(2000). 
46. Feller， S.巳， Gawrisch， K.& MacKerell， A. D. Polyunsaturated fatty acids in 
lipid bilayers: Intrinsic and environmen旬Icontributions to their unique physical 
prope凶es.J. Am. Chem. Soc. 124，318圃326(2002). 
47. Jorgensen， W. L. & Tiradか Rives，J. The OPLS potential functions for proteins. 
Energy minimizations for crystals of cyclic peptides and crambin. J. Am. Chem. 
Soc. 110， 1657帽 1666.(1988). 
48. Berger， 0.， Edholm， O. & Jahnig， F.Molecular dynamics simulations of a fluid 
bilayer of dipalmitoylphosphatidylcholine at ful hydration， cons恰ntpressure， 
and constant temperature. Biophys. J. 72， 2002-13 (1997). 
49. Wang， J.， Cieplak， P.& Kollman， P.A. J. Comp. Chem. 21，1049-1074. (2000). 
50. Feller， S.巳， Zhang，Y. H. & Pastor， R. W. Computer圃Simulationof Liquid/Liquid 
Interfaces.2. Surface圃TensionArea Dependence of a Bilayer and Monolayer. J. 
Chem. Phys. 103， 10267・10276(1995). 
51. Feller， S. E.， Zhang， Y.H.， Pastor， R. W. & Brooks， B. R. Constant-Pressure 
Molecular-Dynamics Simulation -the Langevin Piston Method. J. Chem. Phys. 
103，4613-4621 (1995). 
52. Zhang， Y.H.， Feller， S. E.， Brooks， B. R. & Pastor， R. W. Computer帽 Simulation
of Liquid/Liquid Interfaces.1. Theory and Application to OctanelWater. J. Chem. 
Phys.103，10252・10266(1995). 
53. Ikeguchi， M. Partial rigid-body dynamics in NPT， NPAT and NPyT ensembles 
for proteins and membranes. J. Comp. Chem. 25， 529圃541(2004). 
54. Feller， S. E.， Yin， D. X.， Pastor， R. W. & MacKerell， A. D. Molecular dynamics 
simulation of unsaturated lipid bilayers at low hydration: Parameterization and 
comparison with diffraction studies. Biophys. J. 73， 2269・2279(1997). 
55. Chiu， S. W.， Jakobsson，巳， Subramaniam， S. & Sco社， H.しCombinedmonte 
carlo and molecular dynamics simulation of fully hydrated dioleyl and 
palmitoyl-oleyl phosphatidylcholine lipid bilayers. Biophys. J. 77，2462圃9
(1999). 
56. Feller， S. & Pastor， R. W. Constant surface tension simulations of lipid 刷layers:
The sensitivity of surface areas and compressibilities. J. Chem. Phys. 111， 
1281・1287(1999). 
57. Schlenkrich， M.， Brickman， J.， MacKerell， A. D. & Karplus， M. in Biological 
Membranes: A Molecular Perspective from Computer and Expe 
? ?? ?
杉田有治、池口満徳
Merz， K. M.， Jr.& Roux， B.) 31-81 (Birkhauser， Boston， MA， 1996). 
58. Klauda， J.B.， Brooks， B.R.， MacKerell， A. D.， Venable， R. M. & Pastor， R. W. 
An ab Initio Study on the Tortional Surface of Alkanes and Its Effect on 
Molecular Simulations of Alkanes and a DPPC Bilayer. J. Phys. Chem. B 109， 
5300・5311(2005). 
59. Benz， R. W.， Castro-Roman， F.， Tobias， D. J. & White， S. H. Experimental 
validation of molecular dynamics simulations of lipid bilayers: a new approach. 
Biophys. J. 88， 805-17 (2005). 
60. Alberお， R. W. Biochemical aspects of active transport. Annu. Rev. Biochem. 36， 
727・756(1967). 
61. Post， R.し， Hegyvary， C. & Kume， S. Activation by adenosine triphosphate in 
the phosphorylation kinetics of sodium and potassium ion transport adenosine 
triphospha旬se.J. Biol. Chem. 247， 6530-40 (1972). 
62. Inesi， G. Rapid kinetic characterization of active transport and passive release 
of calcium in vesicular fragmen恰 oflongitudinal and junctional sarcoplasmic 
reticulum. Braz J Med Biol Res 21，1241・9(1988). 
63. Moller， J.V.， Juul， B.& le Maire， M. Structural organization， ion transport， and 
energy transduction of P-type ATPases. Biochim. Biophys. Acta 1286， 1・51
(1996). 
64. Toyoshima， C. & Nomura， H. Structural changes in the calcium pump 
accompanying the dissociation of calcium. Nature 418，605-611 (2002). 
65. Toyoshima， C. & Mizutani， T.Crystal structure of the calcium pump with a 
bound ATP analogue. Nature 430， 529・535(2004). 
66. Toyoshima， C.， Nomura， H. & Tsuda， T.Lumenal gating mechanism revealed in 
calcium pump crys句1structures with phosphate analogues. Nature 432， 
361・368(2004). 
67. Sorensen， T.L. M.， Moller， J.V. & Nissen， P.Phosphoryl transfer and calcium 
ion occlusion in the calcium pump. Science 304， 1672・1675(2004). 
68. Olesen， C.， Sorensen， T.L.， Nielsen， R. C.， Moller， J.V. & Nissen， P.
Dephosphorylation of the calcium pump coupled to counterion occlusion. 
Science 306， 2251聞5(2004). 
69. Toyoshima， C.， Nomura， H. & Sugita， Y.Structural basis of ion pumping by 
Ca2+ ATPase of sar∞plasmic reticulum. FEBS Lett. 555， 106輔110(2003). 
70. Toyoshima， C. & Inesi， G.Structural basis of ion pumping by Ca2+圃ATPaseof 
the sarcoplasmic reticulum. Ann. Rev. Biochem. 73， 269・292(2004). 
71. Harding， M. M. Geometry of metal圃ligandinteractions in proteins. Acta. 
Crys句lIogr.D 57， 401圃1(200.1). 
? ???
脂質二重膜・膜蛋白質の分子動力学計算
72. Clarke， D. M.， Loo， T.W.， Inesi， G. & Maclennan， D. H. Location Of High-Affinity 
Ca2+ -Binding Sites Within The Predicted Transmembrane Domain Of The 
Sarcoplasmic-Reticulum Ca2+-Atpase. Nature 339， 476-478 (1989). 
73. Rice， W. J. & MacLennan， D. H. Scanning Mutagenesis Reveals a Similar 
Pattern of Mutation Sensitivity in Transmembrane Sequences M4， M5， and M6， 
but Not in M8， of the Ca2+ -ATPase of Sarcoplasmic Reticulum (SERCA 1 a). J. 
Biol. Chem. 271，31412・31419(1996). 
74. Killian， J.A. & von Heijne， G. How proteins adapt to a membrane岨water
interface. Trends Biochem. Sci. 25， 429圃34(2000). 
75. Lee， A.G. Ca2+-ATPase structure in the E1 and E2 conformations: mechanism， 
helix-helix and helix-lipid interactions. Biochim. Biophys. Acta 1565， 246・66
(2002). 
76. Yu， X.， Carroll， S.， Rigaud， J.し&Inesi， G. H+ counte同ranspo同and
electrogenicity of the sarcoplasmic reticulum Ca2+ pump in reconstituted 
proteoliposomes. Biophys. J. 64， 1232-42 (1993). 
77. Yu， X.， Hao， L.& Inesi， G. A pK change of acidic residues contributes to cation 
countertransport in the Ca圃ATPaseof sarcoplasmic reticulum. Role of H+ in 
Ca2+圃ATPasecounte同ranspo同.J. Biol. Chem. 269，16656・61(1994). 
78. Bashford， D.， Karplus， M. & Canters， G. W. Electrostatic effec飴 ofcharge 
pe同urbationsintroduced by metal oxidation in proteins. A theoretical analysis. J 
Mol Bio1203， 507-10 (1988). 
79. Bashford， D. & Karplus， M. pKa's of ionizable groups in proteins: atomic de泊iI
from a continuum electrostatic model. Biochemistry 29， 10219・25(1990). 
80. You， T.J. & Bashford， D. Conformation and hydrogen ion titration of proteins: a 
continuum electrostatic model with conformational flexibility. Biophys. J. 69， 
1721・33(1995). 
81. Bashford， D. Macroscopic electrostatic models for protonation states in 
proteins. Frontiers in Bioscience 9，1082帽 1099(2004). 
???
